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Abstract 
 
A classic system for studying trophic mismatch focuses on the timing of the spring caterpillar peak in 
relation to the breeding time and productivity of woodland passerine birds. Most work has been 
conducted in single-site oak woodlands and little is known about how insights generalise to other 
woodland types or across space. Here we present the results of a three-year study on the species 
composition and temporal distribution of the spring caterpillar peak on different tree taxa across 40 
woodland sites spanning two degrees of latitude in Scotland. We used molecular barcoding to identify 
62 caterpillar species, with winter moth (Operophtera brumata) the most abundant, comprising a third 
of the sample. Oak (Quercus sp.) and willow (Salix sp.) hosted significantly higher caterpillar 
abundances than other tree taxa, with winter moth exhibiting similar trends and invariantly 
proportionate across tree taxa. Caterpillar peak phenology was broadly similar between tree taxa. While 
latitude had little effect, increasing elevation increased the height of the caterpillar peak and retarded 
timing by 3.7 days/100m. These findings extend our understanding of how mismatch may play out 
spatially, with caterpillar peak date varying with elevation, and tree taxa varying in the caterpillar 
resource that they host.  
Introduction 
 
Trophic mismatches, where asynchrony between a consumer and an ephemeral resource negatively 
impacts the consumer’s fitness, have received much research attention (Durant et al. 2007; Forrest and 
Miller-Rushing 2010). One of the most popular study systems is the deciduous tree – caterpillar – 
insectivorous passerine bird food chain in temperate deciduous woodlands (Visser et al. 1998; Both et 
al. 2006; Charmantier et al. 2008). At the centre of this food chain is the ephemeral annual spring 
caterpillar peak, which varies in height (i.e. abundance/biomass) and timing from year to year 
(Southwood et al. 2004; Forkner et al. 2008). In deciduous woodlands this peak coincides with the 
timing of newly emerged leaves, before they become tanninised and less palatable (Feeny 1970; van 
Asch and Visser 2007). Breeding in synchrony with this peak is of vital importance for the productivity 
of some passerine birds, such as certain tit (Paridae) and flycatcher (Ficedula) species (Both et al. 
2004a; Visser et al. 2006; Burger et al. 2012). 
 
Despite its central position, the caterpillar peak is the least well understood component of this food 
chain, with its timing and abundance having been predominantly studied indirectly through frass fall 
(faecal matter) (Visser et al. 1998; Smith et al. 2011) or half-fall (fully-grown caterpillars of certain 
species falling to earth to pupate) (Charmantier et al. 2008; Hinks et al. 2015), and usually in the context 
of oak- (Quercus sp.) dominated woodlands (Charmantier et al. 2008; Smith et al. 2011; Burgess et al. 
2018). These standard methods for monitoring caterpillar biomass have limitations, with frass 
monitoring not revealing caterpillar species composition or the contribution made by other 
invertebrates, and half-fall only capturing the full-grown larvae of species that descend to ground level, 
which may not correlate perfectly with the arboreal abundance of earlier life stages of these species, or 
caterpillars of other species that don’t descend. 
 
Temperate deciduous woodlands comprise many different tree species across wide latitudinal and 
elevational gradients and the passerine birds studied as part of this food chain typically forage and nest 
in a variety of woodland types (Perrins 1979; Blair and Hagemeijer 1997). To understand whether this 
induces spatial variation in phenological mismatch we first need to gain insights into how the temporal 
distribution of caterpillars varies spatially and on tree species other than oak. Several aspects of the 
seasonal caterpillar peak could vary, including the height (peak biomass), the timing of the peak date 
(phenology) and the breadth (duration) of the peak (Fig 1A). In locations or years when mismatch 
between the timing of peak avian demand and the timing of the oak caterpillar peak is pronounced, 
deleterious effects on avian productivity could be buffered locally by a differing caterpillar peak timing 
on other tree species providing alternative resources (Burger et al. 2012) (Fig 1B, tree species buffering 
hypothesis), or at the landscape scale by better matched caterpillar peaks at other locations (Fig 1D, 
landscape buffering hypothesis). Alternatively, a degree of buffering might arise if some caterpillar 
species (Fig 1C, dietary buffering hypothesis) or habitats provide a resource that is available for a longer 
duration. 
 
In temperate deciduous woodlands the spring caterpillar peak is often dominated by one or two abundant 
species (Hunter 1992; Butler and Strazanac 2000; Wesolowski and Rowinski 2006), such as winter 
moth (Operophtera brumata) in Europe (Hunter 1992; Wesolowski and Rowinski 2006). The winter 
moth is a trophic generalist feeding on a broad range of tree and shrub species (Kerslake and Hartley 
1997; Wesolowski and Rowinski 2006; Waring and Townsend 2017) and a major dietary component 
for small woodland passerines, especially for nestlings (Visser et al. 1998; Wilkin et al. 2009; Cholewa 
and Wesołowski 2011). Close synchrony of winter moth larval hatching with host leaf bud burst is 
important for growth and survival (Feeny 1970; Buse and Good 1996; van Asch et al. 2007), and the 
same has been found for some other spring-feeding caterpillar species (Klemola et al. 2003; van Asch 
and Visser 2007). Leafing phenology of deciduous temperate tree species responds to spring 
temperature (Polgar and Primack 2011; Roberts et al. 2015) and winter moths and other caterpillars are 
able to synchronise well with host plants, likely by responding to similar temperature cues (Buse and 
Good 1996), as caterpillar phenology is largely determined by temperature (Buse et al. 1999; van Asch 
et al. 2012). Other locally abundant caterpillar species, such as green oak tortrix (Tortrix viridana), may 
also be important to birds, and together these two caterpillar species were estimated to comprise c.75% 
of the spring caterpillar peak in an oak woodland in southern England (Hunter 1990, 1992), while winter 
moth alone were responsible for over 80% of the peak in a primeval Polish forest during an outbreak 
year (Wesolowski and Rowinski 2006). However, as most studies on caterpillars have taken place in 
oak dominated woodland, little is known about how the species composition of caterpillar communities 
varies among woodland habitats, or whether winter moth is equally dominant. 
 
The overall abundance and temporal distribution of arboreal caterpillars may also differ between tree 
species. In the UK, oak and willow (Salix sp.) harbour the highest diversities of caterpillar species, 
followed by birch (Betula sp.) (Kennedy and Southwood 1984). It is unknown, however, whether tree 
species that host greater caterpillar diversities also host higher caterpillar abundances. The timing of the 
caterpillar peak may also vary between tree taxa, as with deciduous trees having an earlier and higher 
caterpillar peak than coniferous trees (Veen et al. 2010; Burger et al. 2012). However, among the native 
species of a genus (e.g. oak) in the UK, the temporal distribution of the caterpillar peak appears similar 
(Southwood et al. 2004).  
 
The thermal environment can have a profound effect on ectotherms, and varies substantially in space, 
generally getting colder with increasing elevation and latitude. Temperature is thought to act as a 
constraint on the latitudinal and elevational distribution limits of many Lepidoptera (Parmesan et al. 
1999; Bale et al. 2002), manifested by a tendency for lower body mass and survival of caterpillars at 
the upper extremes of a species’ elevational distribution (Alonso 1999; Hodkinson 2005). Increasing 
elevation might therefore reduce the height of the caterpillar biomass peak. Alternatively, as predation 
of caterpillars can be higher at lower elevations and latitudes (Roslin et al. 2017), this may allow for 
more frequent outbreaks of caterpillars at higher elevations (Raymond et al. 2002), and give rise to the 
opposite tendency. Colder conditions also retard phenology and developmental rates of Lepidopteran 
larvae (Buse et al. 1999; Bale et al. 2002; Hodkinson 2005). This is seen in the timing of the caterpillar 
biomass peak, which is delayed by approximately 1.3 days for each degree of latitude northward in UK 
oak woodlands (Smith et al. 2011; Burgess et al. 2018). The timing of the caterpillar peak is also likely 
to delay with increasing elevation, as reported for adult Lepidopteran flight times (Gutiérrez and 
Menéndez 1998; Illán et al. 2012). Taken together, such processes could impact the temporal 
distribution of spring caterpillar peaks across elevational and latitudinal gradients and generate 
geographic variation in the shape and timing of the caterpillar peak (Fig 1D). 
 
Here we sample caterpillars across 40 sites and 220km (Shutt et al. 2018), identifying species via the 
cytochrome oxidase subunit I (COI) genetic barcode. We address three major aims to understand how 
the caterpillar community, and its phenological distribution, varies across space and tree species. Firstly, 
we identify the species composition of the spring caterpillar community and the contribution made by 
dominant species, such as winter moth. Secondly, we estimate the effects of tree species, habitat, 
latitude and elevation on the presence of (i) all caterpillars (ii) winter moths and (iii) on the proportion 
of the caterpillar community that winter moths comprise. Finally, we focus on the temporal distribution 
of caterpillars and estimate how the timing, breadth and height of the caterpillar peak varies among 
abundant tree species and with elevation (the major determinant of geographic variation in temperature 
in our study system). Addressing these aims provides insights into the factors that contribute to variation 
in the timing and height of the caterpillar peak, which may serve to buffer avian consumers from the 
effects of mismatch. 
 
 
Methods 
Study System 
 
This study was conducted along a 220 km transect of Scotland incorporating 40 woodland field sites 
(Shutt et al. 2018). All dates reported, unless explicitly indicated otherwise, are ordinal dates. The 
location of each nestbox was determined using a handheld GPS (Garmin eTrex High Sensitivity) and 
elevation obtained (meters above sea level (m.a.s.l)) via the Google Maps elevation API. Habitat 
surveys were conducted at each of the 40 field sites as detailed in Shutt et al. (2018) and spring tree 
phenology (first budburst, FBB) was studied on 6-10 individual focal trees per study site in each year. 
The number of study sites were 30 in 2014, 35 in 2015 and 37 in 2016, with 40 total sites – for details 
see Shutt et al. (2018). Each focal tree was identified to genus level, as were all trees included in the 
habitat survey, and the tree taxa studied represent all of the frequent deciduous tree species in the study 
area (Shutt et al. 2018). 
 
Caterpillar Sampling  
 
Branch beating was initiated at all study sites the day immediately after a threshold of 45% of focal 
trees along the entire transect were at, or beyond, the first leaf stage of their phenology in that given 
year, and continuing until the end of the field season in each year (2014 sampling days 120 – 166; 2015 
days 125 – 175; 2016 days 130 – 173). This aimed to sample phytophagous invertebrates from as early 
in the spring as possible, whilst minimising damage to underdeveloped buds and leaves on focal trees. 
Branch beating trees were selected at random from the pool of focal trees at each site, subject to the 
constraint that the tree had at least one branch with a minimum length of 1m between 0.5-1.5m above 
the ground. A suitable branch within reach on each selected focal trees was selected at random, 
identified and maintained as the beaten branch for that focal tree, except in a limited number of cases 
where the branch broke or died. In 2014, three focal trees were sampled per site, with two focal trees 
beaten on the first visit and a different focal tree the next visit (two days later), returning to the first two 
the visit after and continuing in that pattern until the conclusion of the field season, such that each 
branch was beaten every four days to allow caterpillar recolonisation. In 2015 and 2016 the sampled 
branches were increased to six per site (four branches on the first visit and two on the second). While 
we cannot exclude the possibility that beating and collecting caterpillars from the same branch will bias 
the peak toward earlier dates by removing early instar caterpillars and not letting them grow and add 
volume to the peak at a later date, the method was applied consistently across all sites and years. 
 
Beating was into a clear plastic rubble sack (76 x 51 cm) at its full extent over the branch and foliage, 
holding the open end closed and facing upwards, and then beating the bag with a hand 30 times at 
regular intervals and strength (about 2 per second) to dislodge invertebrates on the branch into the bag. 
After 30 beats, everything within the bag was counted. In 2014, all caterpillars (invertebrate larvae 
appearing like those of Lepidoptera sp.) with an estimated diameter ≥ 1mm were counted and collected 
by the beater (threshold chosen as smaller caterpillars are easy to overlook and provide very little 
resource to birds). Collected caterpillars were stored in pure ethanol and placed in a freezer. Weather 
was recorded in three categories (dry/wet/rain) along with the beater’s identity. 
 
Caterpillar Identification 
 
The maximum length and width (mm) of stored caterpillars was measured to calculate volume, 
excluding samples that had become desiccated and thus no longer resembled their original proportions. 
A small portion of each caterpillar was removed with a sterilised scalpel. PCR and barcoding of 380 
non-desiccated samples at the cytochrome c oxidase subunit I (CoI-5P) locus (640 BP) was conducted 
by the Biodiversity of Life Database (BOLD) in Guelph, Canada (Ratnasingham and Hebert 2007). 
Each caterpillar was photographed and data can be accessed through the BOLD project BLUTI 
(dx.doi.org/10.5883/DS-PHEN1416). 317 samples were fully barcode compliant by having two 
complete sequences (forward and reverse) and a further 44 had one complete sequence. All 361 of these 
samples were queried against BOLD and GenBank databases, with the best hit accepted, all to species 
level. Of the 19 samples that failed to record a full sequence, 11 were assigned to species level based 
on the following criteria: the best hit had > 85% identity match identical including unread bases (“N”) 
and > 98% when unread bases were ignored, the species was already known to occur on the transect 
through a successful barcode, and the best hit species was > 2% better than the next best hit species. 
Incomplete barcodes that did not meet these criteria were recorded as unidentified (n = 8).  Where > 1 
visually identical caterpillar was collected from the same branch on the same date, one was sent to 
BOLD and the other(s) assumed to be of the same taxon, and the individual was recorded as visually 
rather than genetically identified (n = 105). Species richness pools were estimated via the Chao equation 
(Chao 1987) implemented in the R package ‘vegan’ (Oksanen et al. 2010). 
 
Statistical Analyses 
 Caterpillar number per beating was converted into presence/absence for analysis. Whilst this discards 
some information, there were insufficient cases (n = 78, 1.2 % of beatings) where more than one 
caterpillar was sampled to run hurdle or zero-inflated Poisson models. To assess whether caterpillars 
are more frequently found where their host food plant is more abundant we calculated local tree resource 
availability as the percentage of trees at the site that were of the same genus as the sampled tree. 
 
A Bayesian generalised linear mixed model (GLMM) in the MCMCglmm R package (Hadfield 2010) 
was used to analyse how the probability of finding a caterpillar via branch beating varies across host 
tree taxa and biogeography (latitude and elevation). Caterpillar presence/absence in a beating sample 
was the response variable, with site mean latitude (°), site mean elevation (m), year and local tree 
availability as fixed effects and tree taxon sampled, site, individual tree ID, date within year and recorder 
ID as random effects, with a binomial error structure (logit link function). The effect of individual tree 
taxa was inferred on the basis of each species’ random effect. We present full models, which we did not 
seek to simplify, and judge significance on the basis of credible intervals for fixed effects not 
overlapping 0. 
 
The same model structure as above was applied in two separate models to examine the predictors of (i) 
presence/absence of winter moth caterpillars and (ii) the proportion of all caterpillars that winter moths 
comprise, although this last model differed slightly as detailed in Appendix S1. 
 
To assess the effect of elevation on the temporal distribution of the caterpillar peak – omitting any effect 
of tree taxon – a GLMM was used with caterpillar presence/absence in a beating sample as the response; 
date, date2, elevation and year with interactions between elevation and date and elevation and date2 
included as fixed effects and site and tree ID as random effects, with a categorical error structure. From 
this model we obtained elevation specific predictions of peak ordinal date (the date on which the 
likelihood of finding a caterpillar was predicted to be at its highest), height of peak (the probability of 
finding a caterpillar on the peak date) and breadth of peak (length of time either side of peak date where 
the probability of finding a caterpillar is ≥ 50% of the probability at the height of the peak). A nominate 
50% of maximum height was used to quantify peak breadth, though the exact cut-off is not important 
for breadth comparisons because the breadths are based on the quadratic curve such that if a different 
cut-off was selected the breadths would be perfectly correlated with those used. 
 
To assess how tree taxa differ in the length of time between bud burst and reaching a caterpillar peak, 
and how they affect the temporal distribution and shape of the caterpillar peak, the dataset was reduced 
to samples from the four tree taxa that yielded >50 caterpillars: Birch (Betula pendula and B. 
pubescens), Oak (Quercus robur and Q. petraea), Sycamore (Acer pseudoplatanus) and Willow (Salix 
sp). For each individual tree in each individual year, the time since first bud burst (FBB) for each 
sampling date was calculated. A GLMM with presence/absence of caterpillars (across all years) as the 
response was constructed, with time since FBB, time since FBB2, tree taxon and year with interactions 
between tree taxon and time since FBB and FBB2 fitted as fixed effects. The random effects were site 
and tree ID. 
 
To project the temporal trends in caterpillar temporal distributions on the four tree taxa in terms of 
ordinal date rather than time after FBB, we considered a single site (STY, mean 56.48°N, -3.47°E, see 
Shutt et al. 2018), which was the only site with at least one FBB date recorded for each of the four focal 
tree species in every year. The mean FBB of each tree species across years was calculated and this date 
added to time since FBB to derive a prediction of the caterpillar temporal distribution across ordinal 
dates. 
 
To test whether the temporal distribution of caterpillar biomass departs from the temporal distribution 
of caterpillar presence/absence we reduced the dataset further (within the four best estimated tree taxa 
as above) to only include successful beatings with measured caterpillars and an estimated volume 
(termed biomass for this study) of each caterpillar was calculated on the basis of πr2, where r = radius. 
A GLMM similar to the one detailed above for assessing the presence/absence of caterpillars was then 
used to analyse this, with the response being log-transformed caterpillar biomass rather than 
presence/absence, using a Gaussian error structure rather than binomial. We then calculated predicted 
values for biomass of caterpillars on specific tree species across days since FBB by multiplying the 
posterior distribution of predicted values from the biomass and presence/absence models. 
 
All GLMM’s were run with sufficient iterations to provide good effective sample sizes (n > 1000) for 
all the focal parameters, autocorrelation was ensured to be low and convergence was inferred by visual 
inspection of trace plots. Numeric predictor variables, including dates and timings, were mean-centred 
(Schielzeth 2010). Parameter expanded priors were used for all models, with fixed residual variance 
(0.5) for categorical error structure models. A Bayesian equivalent of a two-tailed p value is calculated 
by determining the proportion of the posterior distribution that is less than or greater than 0, and 
multiplying the smaller or these values by two. All analyses were conducted in R version 3.1.1 (R Core 
Team 2014). 
 
Results 
Caterpillars sampled 
 
A total of 575 caterpillars were collected over the course of the study and 477 identified to species level 
(see methods) from 6320 branch beatings, comprising 62 species. Total transect-wide estimated species 
richness was 97 species (Fig 2, Appendix Fig S1). Some larvae were not Lepidoptera, but were visually 
similar, and included for analyses as they contribute to insectivorous bird diet and have been retained 
by some previous studies (Betts 1955; Marciniak et al. 2007). The 477 identified caterpillars included 
445 Lepidoptera larvae (93.3%) of 45 species, 15 Hymenoptera larvae (3.1%) of 13 species, 11 Diptera 
larvae (2.3%) of 3 species and 6 Coleoptera larvae (1.3%) of 1 species. Within the Lepidoptera, the 
most important constituent families were the Geometrids (347 individuals (78% of Lepidoptera) of 21 
species) and the Noctuids (56 individuals (13% of Lepidoptera) of 10 species). Most species were rarely 
sampled, with only eight species comprising 15 or more identified individuals (winter moth 
Operophtera brumata 156, scarce umber Agriopis aurantiaria 67, northern winter moth Operophtera 
fagata 27, variable smudge Ypsolopha ustella 19, mottled umber Erannis defoliaria 17, dotted border 
Agriopis marginaria 16, common quaker Orthosia cerasi 16, the chestnut Conistra vaccinii 15) and the 
three most commonly sampled species comprised over 50% of total caterpillars identified (Fig 2). See 
Appendix Table S1 for the sample size, host tree identities, and site presence for each caterpillar species. 
 
There was clear evidence that species richness varied among tree taxa, being highest on oak (n = 26) 
through direct observation in this study (Appendix Fig S2), but predicted to be highest on willow (n = 
85) once sampling effort is accounted for, although the willow prediction has a large associated error 
(Fig 2 inset). Latitudinal and elevational trends in the presence and abundance of the eight most 
commonly sampled species are reported in Appendix Figs S3 and S4. Winter moth was sampled at 
almost every site (Appendix Table S1). The next most common species’, scarce umber and northern 
winter moth, favour birch-dominated sites; scarce umber being more numerous at higher elevations 
(Appendix Table S1, Fig S4). 
 
Tree taxon and biogeographic effects on caterpillar presence 
 
The probability of sampling a caterpillar showed no significant latitudinal or elevational trend, nor was 
there a significant effect of the amount of host tree taxon locally available (Table S2). Caterpillars were 
sampled at a significantly higher rate overall in 2014 than in 2015 or 2016. The probability of sampling 
a caterpillar varied significantly among tree taxa and the variation among dates within a year is of 
similar magnitude. Among site variation and the effect of individual tree ID is much less pronounced 
and the effect of recorder was poorly estimated, with a large associated error. 
 
For winter moths inter-annual differences were less pronounced and non-significant, and there remains 
no trend in the probability of occurrence with latitude or elevation (Table S2). However, the availability 
of host tree taxon significantly predicts occurrence, with rarer tree taxa in the local environment having 
a greater probability of sampling a winter moth caterpillar. The probability of sampling a winter moth 
varied significantly among dates within a year, with variance between tree taxa of a similar magnitude 
but with a broader posterior (i.e. greater uncertainty). Variance among sites was slightly lower. Winter 
moths were an equally important component of the total spring caterpillar peak across all tree taxa, with 
no significant difference in the proportion of winter moths within the total caterpillar peak between tree 
taxa (Appendix Section S1, Fig S5). 
 
The 95% credible intervals derived from the random effects for each tree taxon revealed a significantly 
greater probability of sampling a caterpillar on oak and willow than the average tree taxon, with the 
same being true of winter moth caterpillars (Fig 3). While the random effects for the other tree taxa do 
not deviate significantly from 0, the median random effect for birch is positive, whereas for alder and 
ash this is negative, suggesting that these taxa were the least likely to host a caterpillar in spring among 
the tree taxa studied, with alder and rowan the least likely to host a winter moth caterpillar (Fig 3). 
 
Tree taxon and elevation effects on the temporal distribution of the spring caterpillar peak 
 
After first budburst there was a general tendency for a quadratic humped relationship of caterpillar 
presence over time (Table S3). The linear and quadratic slopes for oak were significantly steeper than 
those for birch, but the coefficients for sycamore and willow did not depart significantly from those 
estimated for birch. Comparing the predicted temporal distributions of caterpillar peaks among tree 
taxa, we can identify how the timing of the peak relative to budburst, height and width varies. Compared 
with birch, oak shows a higher but shorter peak sooner after first bud burst (FBB), sycamore shows a 
lower, shorter peak sooner after FBB and willow shows a higher, longer peak later after FBB (Figs 4-
5). The caterpillar peak on willow was significantly more delayed after FBB than for oak, and oak and 
willow had significantly higher caterpillar peaks than sycamore. When these timings were converted to 
ordinal dates, the difference in timing is reduced such that the caterpillar peaks on all trees are 
approximately synchronous (Fig 5B). 
 
Focussing on caterpillar biomass rather than probability of occurrence, the temporal distribution is not 
humped, but continues exponentially to the end of the study period (Table S3). Multiplying the posterior 
distributions of the predictions for occurrence and biomass together, reveals that the actual peak in 
caterpillar biomass available in the spring is later (c.10 days) for all analysed tree taxa than when only 
caterpillar occurrence is considered (Fig 5A). As this differs slightly between tree taxa, it also gives rise 
to a more synchronous peak between birch, sycamore and oak (Fig 5B), with mean peak dates within 
10 days of each other (birch: 170.5, oak: 172.3, sycamore: 162.9) and substantial overlap in credible 
intervals. The heights and breadths of the caterpillar biomass peak do not differ between taxa (Fig 5C-
D). Willow is estimated too poorly by the biomass model to be analysable due to its late occurrence 
peak resulting in a wide variance in predicted peak dates, which extend long after the end of our 
sampling period. 
 
When the effects of tree taxa were excluded, the effect of elevation on the temporal distribution of the 
spring caterpillar peak becomes pronounced (Table S4). There is a humped relationship between timing 
and the probability of caterpillar occurrence (Table S4). In addition, there was a significant interaction 
between date and elevation, such that increasing elevation delayed the peak date of caterpillars. 
Comparing predictions at low (sea level) and high (450m above sea level) elevations we found a 
significantly earlier (-16.7 days, 95% credible interval = -36.9 - -4.5) and lower (-0.31, 95% credible 
interval = -0.60 - -0.05) peak at sea level (Fig 6, Appendix Fig S6). However, the breadth of the peak 
was not significantly different between low and high elevations (95% credible interval = -34.7 – 17.3, 
median -2.5). Note that the predictions at sea level are substantially more tightly estimated (Fig 6). 
 
Discussion 
 
This study identifies a diverse arboreal spring caterpillar peak, dominated by a small number of species, 
in accordance with previous studies (Hunter 1992; Butler and Strazanac 2000; Wesolowski and 
Rowinski 2006), with winter moth accounting for a third of all caterpillars identified and the three 
commonest species accounted for over half of all caterpillars collected. Host tree taxon has a large effect 
on the availability of caterpillars in spring, including generalist winter moths, with oak and willow the 
only two tree taxa significantly more likely to have a caterpillar sampled from them than the average 
tree taxon. Whilst biogeography had little effect on the probability of caterpillar or winter moth 
occurrence, it had pronounced effects on the temporal distribution of caterpillars, with peak date delayed 
by 3.7 days per 100m increase in elevation and the height of the peak increasing with elevation. While 
the timing delay may be attributable to the lapse rate of temperature with elevation, the increase in peak 
height may arise via an increase in the amount of willow at the higher elevation sites (Shutt et al. 2018). 
This study therefore provides evidence that the temporal distribution of caterpillars is geographically 
variable, due to environmental heterogeneity. 
 
Caterpillar diversity is known to vary among host tree species, being higher on native and more 
abundant tree species in the landscape (Southwood 1961; Fuentes-Montemayor et al. 2012). Such 
diversity in host tree quality for supporting caterpillars was corroborated by this study, but we address 
the question across a much larger range of native and widespread broadleaf trees than previously 
considered, and extend it to include the variance in the temporal distribution of caterpillars in relation 
to the spring peak for the most common tree taxa. Oak and willow have previously been identified as 
hosting the highest caterpillar diversities in the UK (Kennedy and Southwood 1984; Waring and 
Townsend 2017) and this study extends this to show these taxa also have the highest caterpillar 
abundance and spring peaks. However, the time from budburst to peak was later for willow and lasted 
longer, which may be the result of a longer period of leaf palatability compared to oak, The palatability 
of both oak (Feeny 1970; van Asch and Visser 2007) and willow (Kirsten and Topp 1991; Ruuhola et 
al. 2001) for caterpillars declines over the season due to reduced nutritional content of leaves and a 
build-up in defensive chemicals, but these results may suggest that these defensive chemicals are either 
less effective against common caterpillar species, or take longer to accumulate, in willow. 
 
Winter moths were detected on almost all tree taxa sampled, with oak and willow hosting higher 
abundances, supporting previous work that indicates that while this species is a generalist feeder, they 
do show some host tree preference (Wesolowski and Rowinski 2006). Winter moths also seemed to 
outbreak more on willow at higher elevations (Appendix Fig S3 & pers. obs.) along the transect, 
agreeing with previous research suggesting that outbreaks are more likely to occur at higher elevations 
(Raymond et al. 2002), possibly due to lower predation and parasitism. Winter moths were also 
significantly more likely to occur on less abundant host plants within the local environment, 
contradicting the general consensus that caterpillars are more frequent on locally common species 
(Kelly and Southwood 1999; Wesolowski and Rowinski 2006). This is also likely due to the outbreak 
tendency on willow at high elevations, where willow is not the commonest local tree taxon (Shutt et al. 
2018) and frequently oak was also not the commonest local tree taxon. The broadly temporally 
coincident caterpillar peaks across tree taxa with respect to ordinal date, rather than time since budburst 
of a given tree, could also give credence to the idea that winter moth caterpillar emergence is locally 
adapted to the most important host tree in a given landscape and feed on other tree species 
opportunistically (Kirsten and Topp 1991; Wesolowski and Rowinski 2006). Another possibility is that 
winter moths are adapted to an average phenology of multiple host trees. 
 
Biogeography was found to have little effect on caterpillar presence, with neither latitude nor elevation 
having a significant effect, running contrary to previous studies that found decreases in caterpillar 
abundance with increasing elevation and latitude (Garibaldi et al. 2011; Smith et al. 2011; Pellissier et 
al. 2012), possibly due to our study being conducted on a smaller spatial scale. Elevation did, however, 
significantly affect the temporal distribution of caterpillars, with the peak date delayed by 3.7 
days/100m rise in elevation. Previous studies have shown a delay in caterpillar emergence in response 
to increasing elevation (Smith et al. 2011), but this is the first study as far as we are aware to estimate 
the change in date of the spring caterpillar peak over an elevational gradient. The delay in caterpillar 
peak date with increasing elevation is probably due to lower temperatures delaying hatching and growth 
(Buse et al. 1999; Bale et al. 2002), with the mean March/April temperature difference between our 
lowest and highest sites being 3°C whilst the latitudinal temperature difference along the transect is 
negligible. 
 
The caterpillar peak date was delayed by c.10 days when the biomass (volume) of caterpillars was 
factored in addition to likelihood of occurrence. This was due to caterpillar volume increasing 
throughout the study period whilst probability of occurrence followed a parabola, as in previous studies 
(Naef-Daenzer and Keller 1999). Both the temporal distribution of caterpillar occurrence and the size 
of the caterpillars available are important for passerine predators (Naef-Daenzer and Keller 1999; Naef-
Daenzer et al. 2000) and the product of these two measures should estimate the ‘true’ peak of total 
caterpillar biomass that is most relevant to insectivorous woodland passerine resource availability 
(Visser et al. 1998; Charmantier et al. 2008). 
 
Our findings have implications for understanding how far insights into the match/mismatch hypothesis 
generalise. We find that winter moths are easily the most abundant of the spring caterpillar species 
across most habitats and locations, supporting a general expectation that this species is a key component 
in the food chain (Visser et al. 1998; Wesolowski and Rowinski 2006). We also find evidence to support 
the importance of oak at the base of the food chain, but that willow is host to a similar high level of 
caterpillars (Table S3, Fig 6) and a caterpillar peak of greater duration than in other tree taxa, which 
could mean that mismatch in willow-dominated habitats could have less severe consequences than 
mismatch in other habitats. Elevation also affected caterpillar peak date (Fig 4), generating geographic 
variation in peak date (Both et al. 2004b; Smith et al. 2011; Burgess et al. 2018). The degree to which 
this elevational variation in peak resource gives rise to variation in mismatch will depend on the degree 
to which the breeding phenology of avian consumers can track this. 
 
The degree to which our specific tree taxa findings can be directly generalised on a broader spatial scale 
is unknown. We did not, for example, detect the presence of green oak tortrix, a caterpillar species that 
has been found to be twice as common on oak as winter moth in Wytham Woods in southern England 
(Hunter 1990, 1992). If the degree of interspecific competition among caterpillars on a single tree is 
weak, the presence of green oak tortix may lead to oak being an even richer source of caterpillar 
abundance in England than found here in Scotland. In addition, aspen did not register a single caterpillar 
despite being previously noted as having high diversity and palatability (Kennedy and Southwood 1984; 
Schwartzberg et al. 2014). We think that this is primarily due to timing, as aspen is exceptionally late 
in developing its first spring leaves (at the very end of the sampling period) and has new growth 
throughout the summer, supporting higher caterpillar diversities in late summer than early spring 
(Niemela and Haukioja 1982; Niemela et al. 1982). However, it is clear that caterpillar diversity and 
abundance varies with respect to geographic location, time and host tree taxon, and that all three of 
these factors interact to shape the local spring caterpillar peak. 
 
The caterpillar sampling method that we applied, branch beating, allowed us to directly sample, measure 
and identify the caterpillars on the foliage, providing advantages over other methodologies such as frass 
fall and half fall, the limitations of which are discussed in the introduction. However, branch beating 
also presents some disadvantages. For example, by removing sampled caterpillars and resampling 
branches we may alter the potential future sampling and peak biomass. We resampled every four days 
to allow time for recolonisation, but the effect of our sampling approach on the subsequent probability 
of sampling requires further testing. It is also likely that this approach under-samples leaf rolling and 
leaf-tunnelling moths, and species with a canopy preference. Finally, only a small number of beatings 
yield a caterpillar, requiring high replication in order to draw useful inferences regarding the temporal 
distribution. 
 
Conducting this study along a 220km transect incorporating 40 variable field sites allowed us to 
investigate the factors that influence the caterpillar resource peak over a much wider geographical 
area than previously.  Our results suggest that the ability of local tree diversity to mediate the effects 
of trophic mismatch for the birds in this system (the tree species buffering hypothesis) may be limited, 
as whilst the height of the peak varies between tree taxa the date of the peak is very similar across tree 
taxa (Fig 1B). This indicates that while certain tree taxa provide higher resource levels than others the 
peak date of resources is synchronous across tree taxa. The mean predicted peak dates of the focal tree 
taxa are within ten days of one another, with overlapping credible intervals, and this falls inside the 
within-site among-individual variation in blue tit breeding phenology in a typical year (Phillimore et 
al. 2016; Shutt 2018). Similarly, peak date did not vary significantly with latitude on this scale (as in 
locations A&B in Fig 1D) whereas increasing elevation did delay peak date (like location C in Fig 
1D). This allows for the possibility of the landscape buffering hypothesis of trophic mismatch at a 
population scale via elevational gradients. The dominance of certain caterpillar species in forming the 
peak reduces the possibility of buffering by dietary change (the dietary buffering hypothesis), as 
synchrony with these few species will be paramount (Fig 1C). Taken together, these results illustrate 
spatial heterogeneity in the spring woodland caterpillar peak at a regional scale, which may have 
important implications for the meso-scale ecological implications of climate change-induced trophic 
mismatch. 
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Figure captions 
 
Fig 1 Schematic of potential temporal distributions of arboreal caterpillar biomass peaks in spring. Plot 
A shows the parameters of caterpillar temporal distribution that could vary; pd the peak date h the height 
of the peak and b the breadth (duration) of the peak (50% of total peak). Plots B-D present different 
contributions to variation in caterpillar temporal distributions. B shows the tree species buffering 
hypothesis; how different tree taxa may have different caterpillar temporal distributions, with tree B 
showing a later peak than trees A and C and tree C having a lower, longer peak than trees A and B. C 
illustrates the dietary buffering hypothesis; how different caterpillar species may show different spring 
peak even on the same tree, with caterpillar A having the highest peak and caterpillar C the longest. D 
illustrates the landscape buffering hypothesis; how geographical locations could have differently timed 
spring caterpillar peaks, with locations A and B sharing a similar peak date whilst location C has a later 
peak date. 
 
Fig 2 Histogram of the number of individuals sampled of each species. Inset Estimated caterpillar 
species richness (± se) accounting for sampling effort associated with tree taxa in this study (see 
methods), and the estimated caterpillar species richness of the transect as a whole (total). Tree taxa 
branch beaten but not included (Ash, Aspen, Cherry, Chestnut and Lime) yielded fewer than five 
caterpillar species and therefore their species richness pool could not be estimated. Tree taxa and 
constituent species are detailed in Shutt et al. 2018. 
 
Fig 3 The posterior median and 95% credible intervals of the random effects (can be interpreted as 
deviations in the probability of finding a caterpillar) for each tree taxon when analysed as a random 
effect in the GLMM’s described in Table S2. Green lines refer to the full caterpillar model, whilst blue 
lines refer to the winter moth model. Credible intervals that do not cross 0 correspond to random effects 
that depart significantly from the mean effect and an asterisk is shown above significant results. 
  
Fig 4 Probability of caterpillar occurrence on days after first bud burst for A Birch B Oak C Sycamore 
D Willow. Posterior distributions from GLMM reported in Table S3 are depicted, in 2014 and with all 
other variables at their mean. 
 
Fig 5 The means and 95% credible intervals for A Timing of peak (days after first budburst [FBB]) B 
Timing of peak (ordinal date) C Height of caterpillar peak (probability of caterpillar occurrence for 
probability, biomass peak for biomass) D Breadth of caterpillar peak (days), across four tree taxa. 
Predictions derived from the two posterior distributions from the GLMMs reported in Table S3, in 2014 
and with all other variables at their mean. Green lines report probability results whilst blue lines report 
biomass results. 
 
Fig 6 Predicted probability of finding a caterpillar via branch beating throughout spring (ordinal date) 
A at sea level B at 450 m.a.s.l (elevations roughly equivalent to the lowest and highest points along the 
transect (Shutt et al. 2018)). Posterior distributions from GLMM reported in Table S4 for 2014 and with 
all other variables at their mean. 
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Table S1. All identified caterpillar species collected along the transect, with BIN, process IDs, host tree taxa, sites collected at and overall total of identified 
specimens, in taxonomic order. Tree genera codes used: AL Alder, AS Ash, BE Beech, BI Birch, CH Cherry, EL Elm, HA Hazel, OK Oak, RO Rowan, SY 
Sycamore, WL Willow. Site codes (including respective latitudes and elevations etc.) can be found in Shutt et al 2018. 
 
Species English Name Total 
(Barcoded) 
BIN Process IDs Trees Sites 
Coleoptera 
Gonioctena pallida Leaf Beetle sp. 6 (2) BOLD:ABA7195 BLUTI054-16 
BLUTI307-16 
WL (6) CAL (6) 
Diptera 
Syrphus ribesii Common Banded 
Hoverfly 
8 (5) BOLD:AAA4570 BLUTI058-16 
BLUTI363-16 
BLUTI366-16 
BLUTI377-16 
BLUTI034-16 
BI (1), OK (2), SY (4), 
WL (1) 
BAD (1), FOF (2), MCH 
(1), PTH (1), SER (3) 
Syrphus torvus Hairy-eyed Hoverfly 2 (2) BOLD:AAC6088 BLUTI111-16 
BLUTI076-16 
BI (1), SY (1) FOU (1), LVN (1) 
Parasyrphus punctulatus Hoverfly sp. 1 (1) BOLD:AAZ4514 BLUTI320-16 SY (1) MCH (1) 
Lepidoptera: Lasiocampidae 
Poecilocampa populi December Moth 1 (1) BOLD:AAC8994 BLUTI004-16 SY (1) STY (1) 
Lepidoptera: Geometridae 
Alsophila aescularia March Moth 2 (2) BOLD:AAC9096 BLUTI043-16 
BLUTI150-16 
AL (1), OK (1) DOR (1), FOU (1) 
Hydriomena furcata July Highflyer 3 (3) BOLD:ACE8706 BLUTI255-16 
BLUTI047-16 
BLUTI120-16 
WL (3) DNS (2), SER (1) 
Epirrita dilutata November Moth 1 (1) BOLD:ABZ1400 BLUTI230-16 OK (1) SPD (1) 
Epirrita christyi Pale November Moth 12 (12) BOLD:AAB0936 BLUTI087-16 
BLUTI027-16 
BLUTI206-16 
BLUTI020-16 
BLUTI203-16 
BLUTI211-16 
BLUTI225-16 
BLUTI309-16 
BLUTI313-16 
BLUTI314-16 
BE (3), BI (4), EL (1), 
HA (1), SY (3) 
AVN (1), BIR (1), BLA 
(1), DEL (1), DUN (2), 
FOF (1), KCK (3), STY 
(1), TAI (1) 
 BLUTI001-16 
BLUTI207-16 
Epirrita autumnata Autumnal Moth 10 (9) BOLD:ABY8748 BLUTI228-16 
BLUTI011-16 
BLUTI167-16 
BLUTI276-16 
BLUTI229-16 
BLUTI009-16 
BLUTI002-16 
BLUTI013-16 
BLUTI132-16 
AL (1), BI (9) AVI (4), AVN (1), CAL 
(1), DNC (1), DOR (1), 
INS (1), MUN (1) 
Epirrita filigrammaria Small Autumnal Moth 5 (5) BOLD:AAA5907 BLUTI334-16 
BLUTI045-16 
BLUTI321-16 
BLUTI221-16 
BLUTI108-16 
BI (3), WL (2) DLW (2), FSH (1), SLS 
(1), TOM (1) 
Operophtera brumata Winter Moth 156 (96) BOLD:AAA3963 BLUTI032-16 
BLUTI166-16 
BLUTI061-16 
BLUTI145-16 
BLUTI170-16 
BLUTI023-16 
BLUTI146-16 
BLUTI155-16 
BLUTI322-16 
BLUTI065-16 
BLUTI169-16 
BLUTI237-16 
BLUTI075-16 
BLUTI257-16 
BLUTI062-16 
BLUTI147-16 
BLUTI035-16 
BLUTI208-16 
BLUTI135-16 
BLUTI121-16 
BLUTI059-16 
BLUTI194-16 
BLUTI073-16 
AL (1), AS (1), BE (2), 
BI (38), CH (2), EL (2), 
HA (1), OK (29), RO 
(1), SY (11), WL (68) 
AVI (6), AVN (5), BAD 
(1), BLA (2), BLG (5), 
CAL (3), DEL (2), DLW 
(6), DNC (68), DNM (1), 
DNS (2), DOR (1), EDI 
(2), FOF (1), FOU (4), 
FSH (2), GLF (14), INS 
(3), KCK (1), LVN (3), 
MCH (1), MUN (2), PTH 
(2), RSY (2), RTH (2), 
SER (4), SLS (2), SPD (5), 
STY (3), TOM (1) 
 BLUTI284-16 
BLUTI129-16 
BLUTI187-16 
BLUTI317-16 
BLUTI130-16 
BLUTI136-16 
BLUTI298-16 
BLUTI090-16 
BLUTI154-16 
BLUTI241-16 
BLUTI140-16 
BLUTI198-16 
BLUTI180-16 
BLUTI239-16 
BLUTI193-16 
BLUTI144-16 
BLUTI201-16 
BLUTI119-16 
BLUTI196-16 
BLUTI036-16 
BLUTI364-16 
BLUTI156-16 
BLUTI218-16 
BLUTI297-16 
BLUTI050-16 
BLUTI186-16 
BLUTI234-16 
BLUTI151-16 
BLUTI190-16 
BLUTI074-16 
BLUTI306-16 
BLUTI048-16 
BLUTI185-16 
BLUTI200-16 
BLUTI112-16 
BLUTI192-16 
BLUTI118-16 
BLUTI308-16 
BLUTI117-16 
 BLUTI015-16 
BLUTI226-16 
BLUTI227-16 
BLUTI232-16 
BLUTI295-16 
BLUTI159-16 
BLUTI191-16 
BLUTI171-16 
BLUTI176-16 
BLUTI125-16 
BLUTI163-16 
BLUTI033-16 
BLUTI286-16 
BLUTI233-16 
BLUTI178-16 
BLUTI174-16 
BLUTI182-16 
BLUTI256-16 
BLUTI060-16 
BLUTI131-16 
BLUTI019-16 
BLUTI161-16 
BLUTI197-16 
BLUTI199-16 
BLUTI177-16 
BLUTI243-16 
BLUTI116-16 
BLUTI148-16 
BLUTI274-16 
BLUTI128-16 
BLUTI175-16 
BLUTI216-16 
BLUTI318-16 
BLUTI149-16 
Operophtera fagata Northern Winter Moth 27 (20) BOLD:AAD0141 BLUTI345-16 
BLUTI254-16 
BLUTI083-16 
BLUTI010-16 
BLUTI124-16 
BI (26), RO (1) AVI (11), BIR (3), CAL 
(1), DNC (9), FSH (1), INS 
(1), STY (1) 
 BLUTI094-16 
BLUTI105-16 
BLUTI262-16 
BLUTI375-16 
BLUTI038-16 
BLUTI378-16 
BLUTI092-16 
BLUTI107-16 
BLUTI137-16 
BLUTI068-16 
BLUTI272-16 
BLUTI100-16 
BLUTI315-16 
BLUTI030-16 
BLUTI126-16 
Eupithecia abbreviata Brindled Pug 2 (2) BOLD:AAB6529 BLUTI070-16 
BLUTI349-16 
HA (1), OK (1) GLF (1), SER (1) 
Colotois pennaria Feathered Thorn 3 (3) BOLD:AAB0886 BLUTI040-16 
BLUTI341-16 
BLUTI337-16 
BI (1), OK (2) ART (1), AVI (1), FOU (1) 
Phigalia pilosaria Pale Brindled Beauty 13 (12) BOLD:AAD0877 BLUTI223-16 
BLUTI012-16 
BLUTI088-16 
BLUTI245-16 
BLUTI344-16 
BLUTI018-16 
BLUTI039-16 
BLUTI037-16 
BLUTI134-16 
BLUTI251-16 
BLUTI293-16 
BLUTI273-16 
AL (1), BI (7), OK (4), 
WL (1) 
AVI (2), AVN (1), CAL 
(1), DAV (1), DNM (1), 
FSH (3), RTH (2), SPD 
(1), TOM (1) 
Lycia hirtaria Brindled Beauty 1 (1) BOLD:AAB1159 BLUTI079-16 HA (1) BLA (1) 
Biston strataria Oak Beauty 2 (1) BOLD:AAB4693 BLUTI056-16 OK (2) KCZ (2) 
Agriopis leucophaearia Spring Usher 2 (2) BOLD:AAC5604 BLUTI289-16 
BLUTI252-16 
OK (2) KCZ (2) 
Agriopis aurantiaria Scarce Umber 67 (55) BOLD:AAC2753 BLUTI281-16 
BLUTI331-16 
BLUTI265-16 
BI (56), OK (2), RO (1), 
SY (1), WL (7) 
ALN (2), AVI (7), AVN 
(2), CAL (6), CAR (4), 
CRU (2), DLW (3), DNC 
 BLUTI296-16 
BLUTI305-16 
BLUTI330-16 
BLUTI283-16 
BLUTI346-16 
BLUTI326-16 
BLUTI215-16 
BLUTI258-16 
BLUTI365-16 
BLUTI051-16 
BLUTI084-16 
BLUTI240-16 
BLUTI086-16 
BLUTI351-16 
BLUTI327-16 
BLUTI022-16 
BLUTI063-16 
BLUTI343-16 
BLUTI277-16 
BLUTI336-16 
BLUTI026-16 
BLUTI104-16 
BLUTI271-16 
BLUTI302-16 
BLUTI106-16 
BLUTI339-16 
BLUTI342-16 
BLUTI275-16 
BLUTI181-16 
BLUTI285-16 
BLUTI024-16 
BLUTI110-16 
BLUTI021-16 
BLUTI246-16 
BLUTI082-16 
BLUTI354-16 
BLUTI168-16 
BLUTI028-16 
BLUTI093-16 
(9), FSH (6), INS (4), KCK 
(1), NEW (4), SLS (13), 
SPD (1), TOM (3) 
 BLUTI300-16 
BLUTI263-16 
BLUTI127-16 
BLUTI158-16 
BLUTI029-16 
BLUTI269-16 
BLUTI067-16 
BLUTI189-16 
BLUTI242-16 
BLUTI109-16 
BLUTI267-16 
BLUTI031-16 
BLUTI055-16 
Agriopis marginaria Dotted Border 16 (15) BOLD:AAC0355 BLUTI279-16 
BLUTI165-16 
BLUTI160-16 
BLUTI101-16 
BLUTI103-16 
BLUTI095-16 
BLUTI333-16 
BLUTI248-16 
BLUTI311-16 
BLUTI213-16 
BLUTI231-16 
BLUTI133-16 
BLUTI373-16 
BLUTI270-16 
BLUTI329-16 
AL (1), BE (1), BI (12), 
SY (2) 
ALN (2), AVI (2), BIR (3), 
DUN (1), INS (2), LVN 
(1), MCH (2), MUN (1), 
NEW (1), SLS (1) 
Erannis defoliaria Mottled Umber 17 (16) BOLD:AAB4418 BLUTI214-16 
BLUTI003-16 
BLUTI042-16 
BLUTI287-16 
BLUTI362-16 
BLUTI066-16 
BLUTI053-16 
BLUTI014-16 
BLUTI278-16 
BLUTI017-16 
BLUTI089-16 
BI (9), EL (1), OK (4), 
SY (2), WL (1) 
ART (1), AVI (1), AVN 
(2), BLG (2), CAR (1), 
DNM (1), FOF (1), INS 
(4), LVN (1), RTH (1), 
SPD (2) 
 BLUTI081-16 
BLUTI099-16 
BLUTI332-16 
BLUTI361-16 
BLUTI209-16 
Deileptenia ribeata Satin Beauty 1 (1) BOLD:AAC3800 BLUTI006-16 OK (1) MUN (1) 
Alcis repandata Mottled Beauty 1 (1) BOLD:AAA8482 BLUTI310-16 BE (1) MUN (1) 
Ectropis crepuscularia Engrailed 2 (2) BOLD:ACE6053 BLUTI078-16 
BLUTI102-16 
BI (1), SY (1) BIR (1), INS (1) 
Campaea margaritata Light Emerald 4 (4) BOLD:AAC2021 BLUTI316-16 
BLUTI335-16 
BLUTI008-16 
BLUTI224-16 
BE (1), BI (2), RO (1) ALN (1), AVI (1), DNC 
(1), MUN (1) 
Lepidoptera: Noctuidae 
Orthosia cerasi Common Quaker 16 (14) BOLD:AAC3426 BLUTI353-16 
BLUTI370-16 
BLUTI372-16 
BLUTI141-16 
BLUTI359-16 
BLUTI303-16 
BLUTI290-16 
BLUTI164-16 
BLUTI183-16 
BLUTI374-16 
BLUTI379-16 
BLUTI222-16 
BLUTI179-16 
BLUTI253-16 
BE (1), BI (4), OK (8), 
RO (1), WL (2) 
ART (1), AVI (1), AVN 
(1), BAD (1), BLA (1), 
CRU (1), DLW (2), DUN 
(1), INS (1), KCZ (2), 
MCH (1), SER (2), STY 
(1) 
Orthosia gothica Hebrew Character 3 (2) BOLD:AAB6211 BLUTI268-16 
BLUTI052-16 
OK (2), SY (1) AVN (2), STY (1) 
Orthosia incerta Clouded Drab 6 (5) BOLD:ABY5277 BLUTI338-16 
BLUTI157-16 
BLUTI143-16 
BLUTI142-16 
BLUTI077-16 
BI (4), WL (2) DNS (2), INS (2), LVN 
(1), SLS (1) 
Anorthoa munda Twin-spotted Quaker 1 (1) BOLD:AAD6193 BLUTI348-16 HA (1) GLF (1) 
Brachylomia viminalis Minor Shoulder-knot 4 (4) BOLD:AAC7236 BLUTI294-16 
BLUTI173-16 
BLUTI299-16 
WL (4) DLW (1), DNC (3) 
 BLUTI138-16 
Allophyes oxyacanthae Green-brindled Crescent 1 (1) BOLD:AAC3170 BLUTI007-16 RO (1) CAL (1) 
Eupsilia transversa The Satellite 6 (6) BOLD:AAC7414 BLUTI324-16 
BLUTI328-16 
BLUTI261-16 
BLUTI220-16 
BLUTI260-16 
BLUTI301-16 
EL (2), OK(2), SY (2) BLG (3), FOF (1), FOU 
(1), MCH (1) 
Conistra vaccinii The Chestnut 15 (14) BOLD:AAB7880 BLUTI049-16 
BLUTI114-16 
BLUTI097-16 
BLUTI091-16 
BLUTI244-16 
BLUTI264-16 
BLUTI323-16 
BLUTI072-16 
BLUTI041-16 
BLUTI319-16 
BLUTI044-16 
BLUTI371-16 
BLUTI139-16 
BLUTI025-16 
BI (2), EL (1), HA (1), 
OK (8), SY (2), WL (1) 
ART (1), AVN (1), BLG 
(1), CAL (1), EDI (1), 
FOU (1), GLF (2), MCH 
(1), MUN (1), NEW (1), 
RSY (1), RTH (1), SPD (2) 
Agrochola circellaris The Brick 1 (1) BOLD:AAC7613 BLUTI016-16 BI (1) NEW (1) 
Cosmia trapezina Dun-bar 3 (3) BOLD:AAB9038 BLUTI247-16 
BLUTI212-16 
BLUTI236-16 
HA (1), OK (1), SY (1) GLF (1), KCK (1), KCZ 
(1) 
Lepidoptera: Ypsolophidae 
Ypsolopha parenthesella White-shouldered 
Smudge 
3 (2) BOLD:AAD3218 BLUTI360-16 
BLUTI195-16 
BI (2), WL (1) DLW (1), DNC (2) 
Ypsolopha ustella Variable Smudge 19 (14) BOLD:AAD0001 BLUTI292-16 
BLUTI162-16 
BLUTI113-16 
BLUTI202-16 
BLUTI376-16 
BLUTI304-16 
BLUTI188-16 
BLUTI282-16 
BLUTI098-16 
BLUTI369-16 
BE (2), BI (5), OK (11), 
SY (1) 
AVI (1), AVN (5), BLG 
(1), FSH (2), KCK (1), 
KCZ (2), MUN (4), SPD 
(3) 
 BLUTI368-16 
BLUTI184-16 
BLUTI153-16 
BLUTI288-16 
Ypsolopha sequella Pied Smudge 1 (1) BOLD:AAD2598 BLUTI259-16 SY (1) RSY (1) 
Lepidoptera: Elachistidae 
Agonopterix ocellana Red-letter Flat-body 1 (1) BOLD:AAF7176 BLUTI250-16 WL (1) SER (1) 
Lepidoptera: Torticidae 
Acleris sparsana Ashy Button 1 (1) BOLD:AAD2160 BLUTI380-16 SY (1) BLG (1) 
Tortricodes alternella Winter Shade 2 (2) BOLD:AAI0647 BLUTI340-16 
BLUTI219-16 
OK (2) GLF (2) 
Ptycholoma lecheana Brindled Tortrix 3 (2) BOLD:AAD3263 BLUTI204-16 
BLUTI005-16 
OK (2), SY (1) BLG (1), FOF (2) 
Pandemis cerasana Barred Fruit-tree Tortrix 5 (4) BOLD:AAA3660 BLUTI312-16 
BLUTI325-16 
BLUTI280-16 
BLUTI096-16 
OK (5) MCH (2), RTH (1), SPD 
(2) 
Epinotia nisella Grey Poplar Bell 1 (1) BOLD:AAA7530 BLUTI057-16 WL (1) SER (1) 
Epinotia tenerana Nut Bud Moth 1 (1) BOLD:AAD1776 BLUTI210-16 AL (1) DNM (1) 
Epinotia cruciana Willow Tortrix 2 (2) BOLD:AAC2644 BLUTI357-16 
BLUTI122-16 
BI (1), WL (1) DLW (2) 
Epinotia brunnichana Large Birch Bell 1 (1) BOLD:AAE1743 BLUTI249-16 BE (1) STY (1) 
Lepidoptera: Crambidae 
Udea prunalis Dusky Pearl 1 (1) BOLD:AAC2028 BLUTI235-16 BE (1) KCK (1) 
Hymenoptera 
Amauronematus sagmarius Sawfly sp. 1 (1) BOLD:AAN7796 BLUTI217-16 WL (1) SER (1) 
Amauronematus miltonotus Sawfly sp. 1 (1) BOLD:AAN7796 BLUTI123-16 WL (1) SER (1) 
Amauronematus humeralis Sawfly sp. 2 (1) BOLD:AAN0428 BLUTI085-16 WL (2) MUN (2) 
Amauronematus stenogaster Sawfly sp. 1 (1) BOLD:ACF1687 BLUTI080-16 WL (1) DNM (1) 
Amauronematus toeniatus Sawfly sp. 1 (1) BOLD:ADD6966 BLUTI152-16 BI (1) AVN (1) 
Amauronematus histrio Sawfly sp. 1 (1) BOLD:ACF1687 BLUTI356-16 WL (1) DLW (1) 
Amauronematus poppi Sawfly sp. 1 (1) BOLD:ACG2277 BLUTI358-16 BI (1) DNM (1) 
Amauronematus sp. Sawfly sp. 1 (1) BOLD:ADD4527 BLUTI205-16 WL (1) STY (1) 
Mesoneura opaca Sawfly sp. 2 (2) BOLD:ACO9432 BLUTI069-16 
BLUTI115-16 
OK (2) KCZ (1), SER (1) 
Pamphilius sp. Sawfly sp. 1 (1) BOLD:ADD5837 BLUTI291-16 OK (1) GLF (1) 
Periclista lineolata Sawfly sp. 1 (1) BOLD:ABU8963 BLUTI071-16 OK (1) MCH (1) 
Periclista albida Sawfly sp. 1 (1) BOLD:AAV8118 BLUTI355-16 OK (1) GLF (1) 
Aleiodes gastritor Parasitoid Wasp sp. 1 (1)  BLUTI064-16 OK (1) SPD (1) 
45 
 
 1 
Fig S1 Estimated caterpillar species accumulation curve (mean ± se) for the transect. Estimated using 2 
the Chao equation (Chao 1987) in the R package ‘vegan’ (Oksanen et al. 2010). 3 
 4 
 5 
Fig S2 Caterpillar species found on each tree species, with vertical numbers representing the number 6 
of branch beats (sampling effort) performed on each species. 7 
 8 
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 9 
 10 
 11 
Figure S3 Latitudinal presence/absence of the eight most abundantly identified caterpillar species, with 12 
bars left to right representing sites from south to north. Empty bars signify no individuals identified at 13 
that site, with light green indicating one sampled individual, mid green two to four and dark green five 14 
plus individuals. 15 
 16 
 17 
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 18 
 19 
Figure S4 Elevational presence/absence of the eight most abundantly identified caterpillar species, with 20 
bars left to right representing sites from south to north. Empty bars signify no individuals identified at 21 
that site, with light green indicating one sampled individual, mid green two to four and dark green five 22 
plus individuals. 23 
 24 
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Table S2 Biogeographic, year and habitat predictors of the probability of sampling a caterpillar (Cat 39 
model, all species), or a winter moth caterpillar (WM model), together with 95% credible intervals (CI), 40 
estimated from GLMM’s (see methods). Coefficients are on logit scale. 41 
 42 
 Model Coefficient Lower 95% CI Upper 95% CI pMCMC 
Fixed Effects      
Intercept (2014) Cat -3.56 -5.06 -2.18  WM -5.50 -7.47 -3.76  
Latitude Cat 0.0053 -0.4956 0.4929 0.98 WM -0.23 -1.06 0.58 0.57 
Elevation Cat 0.00022 -0.00211 0.00258 0.86 WM 0.0018 -0.0018 0.0055 0.32 
Year 2015 Cat -1.70 -2.30 -1.12 < 0.001 *** WM -0.98 -1.95 0.01 0.05 
Year 2016 Cat -1.05 -1.63 -0.45 < 0.001 *** WM 0.037 -0.89 0.97 0.94 
Host tree 
Availability 
Cat 0.0039 -0.0026 0.0104 0.24 
WM -0.013 -0.024 -0.002 0.02 * 
Random Effects     
Tree Species Cat 1.03 0.13 2.50  WM 1.51 0.06 4.01  
Site Cat 0.36 0.11 0.64  WM 0.79 0.12 1.56  
Tree ID Cat 0.22 0.00 0.43  WM 0.26 0.00 0.83  
Date within year Cat 1.15 0.65 1.69  WM 1.74 0.67 3.03  
Recorder ID Cat 2.21 0.00 8.21  WM 2.29 0.00 9.31  
 43 
  44 
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Table S3 Tree taxon and timing predictors of (i) Presence: the probability of finding a caterpillar and 45 
(ii) Biomass: caterpillar biomass obtained via branch beating, together with 95% credible intervals (CI), 46 
estimated from GLMM’s (see methods). Intercept year is 2014 and tree species is birch. 47 
 48 
 Model Slope Lower 95% CI Upper 95% CI pMCMC 
Fixed Effects      
Intercept Presence -1.78 -2.23 -1.38  Biomass 1.76 1.39 2.11  
Days since FBB Presence 0.069 0.052 0.086 < 0.001 *** Biomass 0.038 0.014 0.062 0.001 ** 
Days since FBB2 Presence -0.0020 -0.0029 -0.0012 < 0.001 *** Biomass 0.00021 -0.00087 0.00134 0.70 
Oak Presence 1.19 0.66 1.72 < 0.001 *** Biomass 1.14 0.58 1.63 < 0.001 *** 
Sycamore Presence -0.45 -1.13 0.21 0.18 Biomass 0.11 -0.59 0.74 0.75 
Willow Presence -0.013 -0.676 0.611 0.97 Biomass -0.20 -0.86 0.49 0.57 
Year 2015 Presence -2.02 -2.39 -1.65 < 0.001 *** Biomass -0.95 -1.33 -0.53 < 0.001 *** 
Year 2016 Presence -1.00 -1.33 -0.68 < 0.001 *** Biomass 0.47 0.12 0.81 0.008 ** 
Days since FBB : 
Oak 
Presence -0.035 -0.065 -0.005 0.02 * 
Biomass 0.015 -0.020 0.051 0.41 
Days since FBB : 
Sycamore 
Presence 0.025 -0.037 0.092 0.46 
Biomass 0.021 -0.037 0.083 0.50 
Days since FBB : 
Willow 
Presence 0.020 -0.020 0.057 0.32 
Biomass -0.050 -0.094 -0.005 0.03 * 
Days since FBB2 : 
Oak 
Presence -0.0011 -0.0027 0.0004 0.17 
Biomass -0.00051 -0.00247 0.00157 0.61 
Days since FBB2 : 
Sycamore 
Presence -0.0016 -0.0044 0.0009 0.20 
Biomass -0.0010 -0.0036 0.0013 0.42 
Days since FBB2 : 
Willow 
Presence 0.00081 -0.00051 0.00211 0.23 
Biomass 0.0022 0.0004 0.0040 0.018 * 
Random Effects     
Site Presence 0.59 0.23 1.02  Biomass 0.18 0.03 0.37  
Tree ID Presence 0.20 < 0.001 0.43  Biomass 0.038 < 0.001 0.137  
 49 
 50 
 51 
 52 
 53 
 54 
 55 
 50 
 
Table S4 Elevation and timing predictors of the probability of finding a caterpillar via branch beating, 56 
together with 95% credible intervals (CI), estimated from a GLMM (see methods). Intercept year is 57 
2014. 58 
 59 
 Slope Lower 95% CI Upper 95% CI pMCMC 
Fixed Effects     
Intercept -1.67 -2.00 -1.32  
Date 0.072 0.060 0.085 < 0.001 *** 
Date2 -0.0032 -0.0041 -0.0024 < 0.001 *** 
Elevation -0.000062 -0.0025 0.0024 0.95 
Year 2015 -1.86 -2.18 -1.54 < 0.001 *** 
Year 2016 -1.39 -1.70 -1.08 < 0.001 *** 
Date : Elevation 0.00026 0.00015 0.00038 < 0.001 *** 
Date2 : Elevation -0.00000097 -0.00000792 0.00000599 0.74 
Random Effects     
Site 0.50 0.19 0.86  
Tree ID 0.39 0.13 0.67  
 60 
 61 
  62 
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Section S1: testing whether the importance of winter moth within the caterpillar peak varies 63 
between tree species 64 
 65 
Methods: A GLMM was constructed (Hadfield 2010) with the proportion of winter moths per 66 
successful beating as the response, by means of number of winter moths collected in that beating 67 
(“successes”) against number of other caterpillars collected in that beating (“failures”), with a 68 
multinomial error structure and parameter expanded priors. Fixed effect predictors included latitude, 69 
elevation and year, whilst random effect predictors included tree species, site, tree ID and day within 70 
year. All numeric variables were mean centred for ease of interpretation (Schielzeth 2010) and models 71 
were run such that effective sample sizes of key parameters all exceeded 1000. 72 
 73 
Results: There were a significantly higher proportion of winter moths in the 2016 caterpillar peak when 74 
compared to other years (Table S4), with no other significant trends. There was no significant difference 75 
in the proportion of winter moths within the total caterpillar peak between tree species (Fig S5), 76 
although there were indications that they were of more importance to the peak on willow and less 77 
importance to the peak on birch with regards to the other tree species (Fig S5). 78 
 79 
Discussion: This analysis highlights that winter moths are an equally important component of the total 80 
spring caterpillar peak across all surveyed deciduous tree species. 81 
 82 
Table S5 Biogeographic, year and tree species as predictors of the proportion of the caterpillar peak 83 
comprised of winter moth, estimated from a GLMM (see above methods). 84 
 85 
 Model Coefficient Lower 95% CI Upper 95% CI pMCMC 
Fixed Effects      
Intercept (2014) Cat -2.98 -4.38 -1.62  
Latitude Cat -0.84 -1.99 0.25 0.13 
Elevation Cat -0.0007 -0.0059 0.0043 0.80 
Year 2015 Cat 0.55 -0.64 1.78 0.37 
Year 2016 Cat 1.48 0.35 2.62 0.01 ** 
Random Effects     
Tree Species Cat 1.16 0.00 3.88  
Site Cat 1.38 0.00 2.54  
Tree ID Cat 1.43 0.00 3.12  
Date within year Cat 1.47 0.15 3.04  
 86 
 87 
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 90 
 91 
Fig S5 The posterior median and 95% credible intervals of the random effects for each tree species 92 
when analysed as a random effect in the GLMM described above in Appendix B. Credible intervals that 93 
do not cross 0 would correspond to effects that depart significantly from the mean effect (n = 0). 94 
 95 
 96 
 97 
Fig S6 The 95% credible intervals for A date of caterpillar peak B height of the caterpillar peak C 98 
breadth of caterpillar peak at the extreme elevations of the transect. Predictions are based on the 99 
posterior distribution of the GLMM reported in Table S3 and depicted in Fig 6, in 2014, with all other 100 
variables at their mean. 101 
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